Constru c tion a nd o pe ration or a high·press ure sin gle·c rys lal x·ra y d iffract ion precession ca me ra is describ ed . Th e in slrume nt ap pea rs app li ca ble to sin gle c rystal studi es 10 press ures as hi gh as al least 30 kil obars a nd te mpe ratures or a t leas l 250°C. Appli cation or Ih e instrum e nl is illu strated by sin gle c rystal studi es or ice VI a nd ice VII. Unit cell parame te rs are given ror th ese Iwo rorm s or ice.
Introduction
X-ray diffracti on of materials und er high press ures presents obvi ous ex perim ental problems arising from the necessity of usin g a vessel whi c h is tran spare nt to x rays, but s ufficie ntly s trong to contain the press ures desired. Jaco bs [1]I fabricated a steel vessel , equipped with beryllium windows and used helium as the press ure medium in hi s pioneering studi es, but little additional progress was mad e until Lawson [2] conceived and used the diamond press ure vessel. Imposin g progress has b ee n achieved in recent years, i and th e problem of x-ray diffraction appears to be solved in prin ciple up to press ures as high as several hundred kilobars with accompanyin g te mperatures as high as 1000 °C [3, 4, 5 ] . In practi ce, however, th e diffrac tion data are limited in diffraction angle a nd further to those re fl ections s ufficie ntly strong to override the unavoidable bac kground ari s ing from scattering by th e press ure cell itself. All significant work, to date, involves powder x-ray diffraction and, in vie w of the present limitations of the methods, there is little promise that unequivocal structures of any high pres-"7 sure phases, exce pt those of the utmost simplicity, can res ult from s uc h me thods. Some high-press ure polymorphs ca n be stabilized at 1 bar by que nc hin g to low te mperatures while s till und er press ure . Both powder a nd s in gle-c rys tal x-ray diffraction studi es [6] [7] [8] [9] [10] [11] [12] have bee n made on se ve ral such materials in the metas table state . As it appears that only a limited number of presently known high pressure polymorphs are quenc hable, there is a need for producing and studying single crys tals of hi gh pressure phases in th eir ran ges of s tability by means of x rays. This paper is a preliminary re port of tec hniques developed for s in gle-c rys tal x-ray diffraction at high press ures. r 1 It ali cized figur es in brackets indicate the lite rat ure refere nces at th e e nd of this paper.
Apparatus and Experimental Method

.1. Apparatus
Th e in strum ent used for single crystal s tudi es is the diamond-anvil high-press ure cell develope d at NBS. This cell has bee n used here and in other laboratories for spectrosco py, mi c roscopy, and powder diffrac tion studi es [1 3, 14, 15]. A tec hnique for mounting a me tal gas ke t be tween the diamond anvil faces was developed by Van Valkenburg [16] whi ch permits the application of press ure to liquids. Usin g this technique it is possible to grow sin gle crys tal s from liquids unde r press ure or to s ubj ect a single crystal imm ersed in th e liquid to purely hydrostati c press ure. The modifi cations of th e cell and the ordinary precession came r a to pe rmit hi gh-press ure sin gle crystal s tudi es are as follows :
Th e original cell designed for s pectrosco py [13] has bee n improved and is s hown in fi gure 1. Th e in strume nt has opposed di a mond a nvil s, A , to ge nerate pressure. Th e anvils are fabri cated from gem quality diamonds by grinding small flat s urfaces approximately 0.6 mm and 1.2 mm in diame ter parallel to the table faces. The diamonds are seated on their table faces in recesses in me tal plates, B, that are held to cylind ers, C , by means of two sc re ws 180° apart. Two other screws at an angle of 90° to th e holding scre ws permit alinement of the diamond anvil s urfaces . The cylinders fit s nugly into bearin g, D, whi c h has a should er at one e nd to s upport the thru s t appli ed to the cylinder. Th e thrust which forces the anvils toge th er is s upplied by plate , E , by means of spring, F, acting through top plate , G, and lever arms, H. The diamond support plates , B, have always been made of stainless steel, but, for reasons to be discuss ed late r , have been replaced by high purity beryllium plates. In both cases, a central hole is drilled in eac h plate to permit micros copic observation of the specimen. To permit the entry or exit of x rays at higher angles, it was necessary to machine the stainless steel plates out at an angle of about 45°. Beryllium metal is relatively transparent to the x rays used here, and angular relief is not required. Due to spatial limitations the usual knurled knob on the screw, was replaced with a disk, I, which could be turned by means of a removable crank. Elevated temperatures were obtained by means of a small furnace, J _ The furnace was made by winding Nichrome wire on a ceramic sleeve which fit snugly over the outside of D and inside the block, K. Temperature was recorded and controlled by means of a thermocouple inserted through a small hole in one of the cylinders, C, and plate, B, so as to be in direct contact with the metal gasket placed between the diamonds. An automatic recording-controlling unit was used to monitor temperatures.
It was necessary to modify the commercial precession camera to sustain the weight of the diamond cell. The existing crystal bearing assembly was eliminated by removing the mounting pillar and replaced by a sturdier unit constructed of aluminum to minimize its weight. An aluminum alloy shaft 1 in. in diameter was coupled to the film precession shaft as in the original camera. A large graduated flange was fitted over the end of the shaft and locked in place by means of set screws. This flange replaced the original "dial." A modified goniometer head was fastened to the other end of the flange. This provided only a single arc correction in an approximate horizontal plane. The two sections of this arc were also locked together with set screws. The customary vertical arc could not be accommodated in the available space and was eliminated. A stout horizontal bar clamped to the arc correcting unit was used to mount the diamond cell. This bar could be moved on a track with positioning screws to permit adjustment in the direction parallel to the x-ray beam. Vertical motion of the cell was achieved by means of a plate fastened to the diamond cell with slotted screw holes and sliding on a vertical ' track. The cell was clamped to the horizontal bar by screws into this plate. The screw holes through the horizontal bar were also slotted to permit the cell to slide on a track on the bar. This assembly permitted translation along three mutually perpendicular axes, I and rotation about two mutually perpendicular axes. Because of interference between the cell and the x-ray tube or the collimator support, and limitations imposed by the metal of the cell cutting off the x-ray beam, maximum angular corrections of the order of ± 15° were permitted.
On assembly it was necessary to aline the new precession axis and the diamond cell to this precession axis. Most of the operations required are obvious and only the operations required to locate the specimen on the precession axis will be described. It was found that vertical and lateral adjustments were most easily initiated by visual alinement of the gasket hole with the collimator with Jl = O. The gasket hole can be observed through the diamond. Refinements in these adjustments were made by maximizing the intensity in the spot produced by the x rays on a fluorescent screen placed behind the diamond cell. '
The intensity was first maximized at Jl = 0 and final adjustments were made at higher values of Jl. The adjustment of the cell in the direction parallel to the x-ray beam was achieved by eliminating doubling of diffracted spots.
In use, it was expedient to remove the cell frequently J for microscopic observation, and it was found to be .. essential to provide a means of ensuring that the cell was replaced in the same position to eliminate the need for realinement. This was achieved by means of the track on the horizontal bar which fixed the vertical and one lateral position and by means of metal stops on the bar which fixed the other lateral position. With these guides the cell could be removed I ) and replaced in a fe w seconds with no alinement adjustments required. Th e mounted cell is shown in I figure 2.
For the diamond cell and camera used here it was found that with dial and arc readings ne ar zero, th e maximum useful valu e of jl was about 20° with steel plates and 30° with beryllium plates. As the dial and arc values increased th e maximum us eful jl value decreased. With th e be ryllium plates, however , values of 20° were easily obtained at the maximum arc and dial se ttin gs available.
Sample Preparation
The initial step in sa mple pre paration involves fabricating the metal gasket. A thin sheet of metal (0.010 in. X 0.25 in . X 0.25 in.) is subjected to an initial I compression between th e diamond anvils to produce a well-defin ed indentation of the smaller of the two diamond surfaces. The press ure require d for this operation must be adjusted to the properties of the I gasket material and may vary from 5 kbar-60 kbar for different metals. Under a low power microscope a small punch mark is made in the center of the indentation and a small hole (No. 80 drill) is drilled through the gasket using th e punch mark for centering. For pressure work above about 15 kbar it is essential that this hole be centered in the indentation to minimize the failure of the gasket; at lower press ures the centering require ment is less stringent. The burrs formed in drilling are re moved with a small jewelle r's file and the gasket is placed over the small diamond using the indentation as a guide. In this operation th e cylinder containing the small diamond should be in position in the diamond cell with the diamond anvil face uppermost. If a liquid is to be studied a small drop of liquid is placed on top of the gasket in contact with the hole, the cylinder with the larger diamond in serted and th e cell carefully as se mbled to avoid displacing the gasket. If a solid is to be studi ed, the selec ted si ngle crys tal may be placed in the hole and oriented on the diamond s urface with a s mall needle before th e hydrauli c liquid is appli ed or th e liquid may be appli ed firs t and the crystal inserted through the liquid. In either case difficulties are to be expected in maintaining proper alinement of the crystal during th e assembly of the cell and th e initial application of press ure. One techniqu e used here involves ce me nting th e gasket and the crystal in position by mean s of thin Canada balsam before assembly. However, cem e nts are co nsid ered to be undesirable because th ey interfere with mi croscopic observations and may prove to be a source of press ure gradients.
Liquids whi c h have bee n use d s uccessfull y are water , glycerine, methanol, and Va rsol. Both water and Varsol cr ys tallize at mode rate press ures, but glycerine and me thanol or glyce rin e-wate r mixtures apparently do not c rystallize to about 30 kbar. Glycerin e proves to be sufficiently vi sco us to preve nt appreciable motion of a crystal during th e assembly process . Of th ese liquids, wate r, glycerin e, and me thanol are relatively incompressible, a matter of som e importance because the crystal is crus hed if it comes in contact with both diamond a nvil surfaces s imultan eously.
Some iron and nickel alloys serve to make sati sfactory gaskets provided pressures above about 15 to 20 kbar are not required. Brass and aluminum alloys are not useful to these press ures but might prove useful at lower press ures. Above about 20 kbar probl e ms involvin g gas ke t blowout are expe ri e nced , pres umably because the stre ngth of the me tal and the diamond-me tal fri ction is exceeded by the press ure exe rted by the liquid. Two solutions are indi cated , one to increase the strength of the metal gasket, the other to increase the surface area of the diamonds. Both techniques appear to be effective.
When
When th e diameter of the s maller diamond was increased from 0.6 mm to 0_8 mm no blowouts were expe ri e nced using a nickel alloy gas ke t. Th e optimum gaske t thickness for the diamonds used he re appears to be about O.OlO in. Thic ker gas kets have bee n use d but do not perform sati sfactorily, pres um ably because of the n onuniform shape of th e smaller diamond. This diamond penetrates the gaske t and appears to produce nonuniform stre sses in the me tal res ultin g in di st ortion and frequent blowout of the gaske t hole. Gaskets 0.005 in. in thi c kn ess perform sati sfac torily but provide a s maller available volume.
lnitally, experiments were conduc ted usin g Mo Ka radiation. Under these condition s orientation photographs were obtained in 1f4-hr with ordinary x-ray film. With this radiation, however , it was found that cone axis, and uppe r level photo graphs were not sati sfac tory beca use the diffrac ted beams at hi gher angles were blocked b y the cylinders or the instrument itself. A marked improve men t in quantity of data obtained has res ulted from using Ag Ka radiation which has a s horter wavelength (0.5609 A versus 0.7107 A). With Ag radiation useful cone axis and upper level photographs as hi gh as th e seco nd le vel hav e b een obtain ed with Fd* = 4. Usin g Ag radiation , however , some sacrifi ce in expos ure tim e is required. By using fast film (suc h as Kodak No Screen or DuPont Cronex III) in co njun c tion with fluorescent screens (Cronex CB 2, Ilford, or Radelin TF)2 placed be hind the film , orientation photograph s can be made in 1f4-hr. Exposures are in creased to at least 1 hr without the fluoresce nt screen.
It should be noted that th e problem of collimation is simplifie d by use" of a me tal gasket that is opaque to the x rays . The hole in the gaske t functions as a second pinhole and the exte rn al collimator need only contain a si ngle pinhole_ Use of the gasket as part of the collimatin g sys te m produces diffraction rings from the me tal in the resulting pattern. These rin gs have not caused any diffic ulties in interpre tin g th e film s. Extensive collimation of the bea m before it is incident on th e specime n a nd cente ring of the beam in th e gaske t hole can be used to eliminate diffrac tion rin gs from th e metal. However, thi s tec hniqu e results in a marked in crease in expos ure tim e which does not appear to be justified by the results.
3_ Results
Initial studies using this instrument were made on materials which were crystalline solids at 1 bar an d had known transitions a t elevated pressures. The experimental technique use d was to orient a crys tal-2 Certa in co mm e rc ia l ma terial s an d e quipm ent a re id e ntifie d in this pape r in o rde r to ade(lu ale iy s pecify the ex pe rime nt a l procedu re . In no case d oes s uc h id entifi cati o.1l ~mpl y reco mm e ndat ion or e ndo rse me nt by the Nation a l Burea u of Sta nda rd s, nur does II Impl y th at th e ma ter ia l or eq u ipme nt id e ntified is necessa rily the bes t a vail a bl e for t he purpose. lographic plane of the low pressure form using th e precession came ra. The press ure cell was the n removed from the camera and mounted on a polarizing , mic roscope . The press ure was in creased slowly until the transition was observed by noting an abrupt change in birefringence or dimensions or a fracturing of the crys tal. If the crystal re mained intact in the high pressure fo rm , the cell was return ed to the camera for precession photographs. Under the condition s used to date, only one ma te rial of those studied appears to re main in single crystal form through the transition. Th e transition CaC03 (calcite) ---c>CaC03 II , [18] occurs with a mark ed chan ge in birefrin gence and the crystal frequently remains intact. The transi-' tion CaC03II -CaCO: 1III always results in a polycrystalline specimen. Transitions in KN03 [19] and the alkali halides [20] invariably produced poly-, crystalline products and no transition could be detect ed in KI04 [21] .
In only one experim ent with calcite was it possible to obtain a photograph of a de nsely populated plan e of the CaC03II form. Zero level and co ne axis photogra phs could be iIite rrl,re te d on the basis of a cell wit~ Characteristic absences h + k = 2n + 1 we re observed on the zero level photograph. Davis [22] has re ported powder diffraction data on CaC03II1 and noted. that CaC03II gave diffrac tion data similar to ordmary calcite except that th e 113 reflection was mi ssing in CaC03II. With the parame ters found here and assuming an orthorhombic cell, it is possible to in.dex almost all the lin es re ported for CaC0 31 (calcIte), CaC03II and CaC 0 3 III within the probable errors of th e d~ta. Further stud y is necessary before thi s situation ca n be cleared up. How ever, calcite crys tals present proble ms in orientation bec ause of their cleavage c harac teristics and it was decided to defer further studi es until an improved instrume nt beco mes available_ From the limited studies co nduc ted here on solidsolid tran sitions at room te mperature in single crys tals, it a ppears that rentention of the single crystal form throucrh a high press ure transi tion will not occur as frequ:ntly as originally anticipated. Other tec hniques for production of high pressure polymorphs in single c rystal form are available, such as crystallization from solution or from a melt under conditions of stability of the desired polymorph. Both tec hniques are possible with the prese nt instrum e nt which has an upper te mpe rature limit of operation above 250°C. Neither method has bee n attempted because of the great ease with which sin gle crys tals may be grown from mate rials normally liquid at 1 bar and room te mperature and c urre nt interest in the struc ture of s uch crys tals.
Ice
Bridgman [23, 24] has s hown that six forms of ice are form ed under pressure. Of these six forms only two, ice VI and ice VJI, are formed from wate r at or abo v room te mperature. Ice VI c rys tallizes from water at room temp erature and approximately 9 kbar and ice VII forms at press ures above about 22 kbar and 82°C-the VI-VII-L triple point. Both ice VI and ice VII can be grown as sin gle crys tals in th e dia· mond cell, ice VI growing readily but ice VII with considerable difficulty. Kamb and Davis [25] at -50°C and ~ 8 kbar. Both reports agree reasonably well on the ~ powder lines and relative intensities whe n allowan ce is made for the different conditions of the two meas ure · ments. From s ingle crystal studies here a prelim· inary re port ha s bee n giv e n for a unit cell whi c h ca n be used to index th e observed powder diffrac ti o n data [26]. ( Typical precess ion ph otograp.hs of a single .crys tal ~ of ice VI are shown in fi gures 3-7, with fi gures 3,4, and 5 bein g mad e with steel plates on th e cylind er s and figures 6 and 7 with be ryllium pl a tes. A typi cal orientation photo graph us in g unfilte red Ag radiation with a fluoresce nt scree n is s hown in fi gure 3. Th e exposure tim e is 1/2-hr with 11 = 10°. Th e inte nse s trea k s and loop s are contribute d by the diamond s, the diffrac tion rin gs by th e me tal gas ke t, and th e na r· row streaks by ice VI. A zero le vel photograph usin g Pd filtered Ag radiation is shown in figure 4 . This is a 72 hr expos ure with fL = 16° and a layer level scree n 11.5 mm in diam e ter at a s pacing of 40 mm. It is apparent that the filter and the layer le vel scree n eliminate most of the diamond inte rfe re nce. It will be observed that diffrac ti on s pots in th e 4th quadrant of thi s photogra ph are wea ker than th ose in th e 2d quadrant as a res ult of s hadowin g by the in strum e nt itself. This occurred because of th e angular correc-, tion require d to orient th e crys tallographi c pl a ne.
Ice VI
The first level spots are diffrac ted at higher angles than those on the ze ro le vel and the s hadowin g by th e instrument makes it much more diffic ult to photograph these levels as shown by figure 5. This is the 1st level corresponding to figure "4 and is a 72 hr exposure with 11 = 10°. There are several rows of diffrac tion spots in this photograph concentrated principally in the 2d quadrant. The third quadrant whi ch was slightly shadowed in the ze ro le vel photograph is now completely empty of diffraction spots. Th e s hadowing restricts both the diffraction angle and th e precession angle and for thi s reaso n it was decided to replace the s teel plates, B, of figure 1 with beryllium plates. However, no appreciable s hadowing is apparent on either photograph . With th e beryllium plates s hadow· ing becomes important on the 2d level of thi s crystal but even on this level several reflection s were obtaine d whereas none were obtained with the s teel plates. It is of interest to note the threefold di a mond axis in figure 6 . Final answ ers on th e unit cell and sy mm e try for ice VI have not bee n obtained to date. Th e unit ce ll dimensions at room o te mperature and approximately Bridgman [27] observed that water at 25°C undergoes a change in volume of 0.359 cm 3 /g between 1 bar and 25 kbar. Therefore, the measured density of ice VII at 25 kbar and 25°C is 1.56 gJcm 3 • From the dimensions of the unit cell obtained here contain- 
Conclusions
The prese nt st udi es hav e s hown that uccessfu l single-crystal x-ray diffrac tion work 'at hi gh press ures is possible to press ures of at leas t 30 kb ar. Successful s tructure analyses and space group de te rmin a ti ons require more data and greater prec is ion and facility of operation than the prese nt precess io n ca me ra ca n " provid e . A new goniometer head providing all th e usual angular and tran slational motion s and des igned to s upport th e weight of th e diam ond cell is bein g co ns tructed . In addition , a ne w di amo nd cell co nstructed e ntirely of hi gh purit y be r yllium me ta] is bein g fabricated.
Note add ed in proof: In relation to the structure of ice VI (see section 3.1.1) Kamb has recen tly publish ed (Nature 150 205, (1965», x-ray diffraction data on ice VI obtai ned at 1 bar and -175°C. He co ncl ud ed that th e cell 'tas tetragonal with dimension a = 6.27 A a nd ) c=5.79 A. This ce ll differs from the preliminary cell presented here alt hough th e two cells are rela ted. However, th ere is s uffi cient differe nce that th~ cell proposed by Kamb canno t index both the 3.4 A and 3.6 A lines reported in the powder patte rn by Berti e, Calvert, and Whalley [8] which the present cell can do. We have recently obtained a n improved cell a nd ori e nt-(Pap er 69C4-208) 281 in g device. T he final answer to the cell of ice VI und er equilibrium condition s has not bee n obtained, but, by reorienting about our b axis we have obtained a zero le vel pattern whi ch s hows a four-fold axis of 3.11 A which is co m"Patible within the limits of error with Kamb's 6.27 A (2 X 3.11 A = 6.22 A) . Further studies are in progress .
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